Background Little is known about the effects of organic solvents on male reproductive health. To assess fertility and reproductive endocrine function in solvent-exposed men, we investigated time-to-pregnancy using a retrospective cohort design and crosssectionally measured reproductive hormone concentrations in painters and millwrights compared to a reference group of carpenters. Methods Detailed occupational, exposure, medical, and time-to-pregnancy histories were obtained by telephone interview. Plasma luteinizing hormone (LH), folliclestimulating hormone (FSH), and testosterone concentrations were determined by immunoassay. Exposure indices, which summarized working life exposure to total solvents, chlorinated solvents, aromatic solvents, and thinners, degreasers, varnishes, and adhesives as a category were calculated from exposure histories. Results FSH concentrations increased significantly with increasing exposure indices for all solvents and for chlorinated solvents. There were no significant associations of solvent exposure indices with LH or testosterone levels. LH, FSH, and testosterone concentrations also did not differ by job title. Using Cox regression, time-to-pregnancy was non-significantly longer in the painters and millwrights than the carpenters. There was no significant association between time-to-pregnancy and any of the solvent exposure indices; however, it should be noted that some of the pregnancies occurred more than 20 years previously, potentially reducing the reliability of the retrospectively collected pregnancy and exposure data. Conclusions The significant associations between FSH levels and solvent exposure indices suggest the potential for adverse effects of solvent exposures on reproductive function in men.
INTRODUCTION
Several epidemiologic studies have suggested that solvents adversely affect male and female reproductive function. Elevated odds ratios for spontaneous abortion have been reported in women with occupational solvent exposure [Pastides et al., 1988; Taskinen et al., 1989; Lindbohm et al., 1990; Windham et al., 1991] , and one study found increased spontaneous abortion rates in wives of men exposed occupationally to solvents [Taskinen et al., 1989] . There is inconclusive evidence for relations between exposure to solvents and male fertility based on findings from studies of painting occupations and diagnosed infertility [IARC, 1989] . Fecundability or time-to-pregnancy, an indicator of the overall fertility of a couple, has been recognized as a more sensitive measure of effects of exposures on fertility than rates of diagnosis of infertility [Baird et al., 1986] . In women, longer time-to-pregnancy was associated with exposure to organic solvents [Sallmén et al., 1995] . Time-to-pregnancy was also lengthened in primigravida wives of men occupationally exposed to solvents, but was not lengthened in multigravida wives [Sallmén et al., 1998 ] or in the wives of printing workers exposed to toluene [Plenge-Bönig and Karmaus, 1998 ].
Physiologic indicators of male reproductive function have been investigated in relation to solvent exposure in several studies. Exposure to aromatic solvents, glycol ethers, styrene, and 2-bromopropane has been associated with reduced semen quality [Welch et al., 1988; Ratcliffe et al., 1989; Kim et al., 1996; Kolstad et al., 1999; Tielemans et al., 1999; De Celis et al., 2000] . Altered plasma levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and/or testosterone have been reported in men occupationally exposed to toluene [Mørck et al., 1988; Svensson et al., 1992a,b] , 2-bromopropane [Kim et al., 1996] , and trichloroethylene [Chia et al., 1997; Goh et al., 1998 ].
The goals of the current study were to test the hypothesis that occupational exposure to solvents in the painting profession alters gonadotropin secretion and to test the hypothesis that this exposure also reduces fertility, which may be a consequence of altered gonadotropin secretion.
MATERIALS AND METHODS

Subjects
Study subjects were recruited from among all active members of locals of the International Brotherhood of Painters and Allied Trades (two locals) and the United Brotherhood of Carpenters and Joiners (three locals), most of whom were employees at a large Department of Energy facility in eastern Washington, the Hanford Reservation.
Union locals sent study information packets and returnaddressed postcards directly to their membership. The number of letters sent out by the unions is unknown, but the approximate number of active members of the five locals at the time of the study was 624. In addition to using recruitment letters, we used direct recruiting methods by attending union meetings and conducting information sessions to describe the study and providing sign-up sheets. A total of 263 potential participants returned the recruitment letters and/or signed up at the information sessions, or told their safety officers that they were interested.
Participation Rates
Of the 263 names obtained during recruitment, 37 indicated on the return letter that they were not interested in participating. The study coordinator called the remaining 226 to describe the study, answer any questions regarding the study, determine interest in participation, and to conduct the eligibility survey (see below for detailed description of eligibility survey). Eight people refused to participate once reached by phone. The refusal rate as indicated by letter and phone was 17.1%. Nine telephone numbers were disconnected and no further information was available either from directory assistance or from the unions. The remaining telephone numbers were correct; however, 29 people were unreachable over the 1 year calling period, despite the coordinator's calling at least once every 2 weeks, leaving messages, and talking to family members. This left 180 people contacted by phone and willing to participate in the study, 68.4% of the initial name pool and approximately 29% of the active members of the locals.
Eligibility
Males and females 21-75 years of age with at least 5 years of employment as a painter or millwright (there was no employment time requirement for carpenters), were eligible. Participants needed to be actively working and to have no confounding alcohol-related, viral, or metabolic risk factors for chronic hepatic injury. Because the parent study was monitoring changes in hepatic function, the occupational and medical history questionnaire was designed specifically to assess hepatic injury risk factors or exposures, such as alcohol use. Those people with a current or former ethanol consumption >75 g/day or history of alcohol abuse on the CAGE [Cutler et al., 1988] questionnaire were excluded, primarily to avoid potential confounding from changes in the liver not associated with occupational exposures. Those with a weight of greater than 150% ideal body weight were excluded for the same reason [Anonymous, 1995; Harrison et al., 2002] . Subjects were also excluded for conditions associated with reduced fertility thought to be unrelated to solvent exposure (mumps orchitis, varicocele, endometriosis, pelvic inflammatory disease, polycystic ovarian disease).
Of the 180 potential participants, 9 (5%) did not meet the age criteria, 7 (3.9%) were retired, 10 (5.5%) no longer lived in the study area, 23 (12.8%) had unfavorable alcohol histories, 18 (10%) had unfavorable medical histories, and 11 (6.1%) were enrolled into the study, but failed to complete it. Of those with unfavorable medical histories, none was excluded for having greater than 150% ideal body weight. This resulted in a total of 102 participants or 56.7% of the potential participants, 38.8% of the contact names obtained during recruitment, and about 16% of the active members of the locals. Of these, only four eligible women were recruited. Therefore, the analyses of reproductive function were limited to the 98 men who participated in the study. Of these, 32 were painters, 25 were millwrights, and 41 were carpenters. Of the 41 carpenters, 1 did not complete an interview, resulting in a final study population of 97 (32 painters, 25 millwrights, 40 carpenters).
Detailed employment, exposure, medical, and time-topregnancy histories were obtained by structured telephone interview by the study coordinator. Each subject also underwent phlebotomy at Kadlec Medical Center in Richland, WA. One aliquot of blood was centrifuged, serum was separated, and serum was stored at À208C until reproductive hormone assays were performed. Another aliquot of whole blood was stored at À208C until assay for lead.
The study protocol was approved by the Institutional Review Board of the University of Washington.
Subject Interviews
Time-to-pregnancy data were gathered using a modified version of a previously validated structured interview form for women [Baird et al., 1986] . Data were obtained about the dates and outcomes of all pregnancies fathered. Detailed information was also obtained on the most recent pregnancy, including number of months of uncontracepted intercourse before pregnancy, breastfeeding before that pregnancy, use of contraception before that pregnancy, and smoking of the female partner during that pregnancy.
The structured occupational history elicited information about job history, including job titles, number of years in each job, average hours per week and months per year in each job, and time spent in painting-related tasks in each job (supervision, preparation, painting indoors, painting outdoors, etc.) . For each method of applying paint (spraying, brushing, rolling, other) the type, if any, of respiratory protection used was also characterized.
Additionally, data were gathered on neurological, respiratory, and mucous membrane irritation symptoms, medications, educational level achieved, marital status, age, ethnicity, tobacco use, and alcohol use. 
Exposure Assessment
The structured exposure interview was designed for painters and was previously used to study the neurobehavioral effects of chronic occupational solvent exposure [Daniell et al., 1999] . The subjects were asked to estimate the number of years and number of times per week they worked with each of 71 substances, including various metals and solvents. These data were used to calculate solvent exposure indices for each subject, providing continuous exposure variables that were used in alternative analyses of the data. The exposure index for a given substance was calculated as the product of the number of years of use times the frequency weight. The frequency weight was 0.2 for one exposure per week, 0.4 for two per week, and so on up to 1.0 for five or greater exposures per week. A separate exposure index was calculated for each substance for the time-to-pregnancy analyses using exposure data for the calendar year in which the pregnancy of interest ended and the calendar year preceding the pregnancy. Exposure variables summarized the use of mixed solvents (thinners, degreasers, varnishes, and adhesives), chlorinated solvents (sum of exposure indices for 22 individual solvents), aromatic solvents (toluene, xylenes, and benzene), and total solvent use (aromatic solvents, chlorinated solvents, thinners, degreasers, adhesives, varnishes, plus miscellaneous other solvents). An exposure index for metals (lead, mercury, arsenic, beryllium, and copper) and individual exposure indices for each of the metals were not significantly related to job, time-topregnancy, or to LH, FSH, or testosterone concentrations in bivariate analyses. Therefore, these were not included in the models.
Lead Assay
Lead concentrations in whole blood were measured at the University of Washington Clinical Laboratory using graphite furnace absorption spectroscopy with Zeeman correction. The coefficients of variation were 8% at 18 mg/ dl, and 5% at 34 and 50 mg/dl.
Hormone Assays
Plasma LH and FSH were measured using Wallac DELFIA time-resolved fluoroimmunoassays (Turku, Finland). These are solid-phase, two-site, sandwich fluoroimmunoassays, using two monoclonal antibodies (mouse anti-human) directed against two different antigenic determinants of the gonadotropin, one of which is labeled with eutropium. For LH the laboratory interassay coefficients of variation (CV) were 6.2%, 6.9%, and 14.2%, and the intraassay CVs were 3.5%, 2.8%, and 7.2% for the high, medium, and low control samples. For FSH the interassay CVs were 3.2%, 4.1%, and 20.9%, and the intraasay CVs were 2.5%, 2.3%, and 12.9% for the high, medium, and low control samples, respectively. Plasma testosterone was measured by the Wallac DELFIA (Turku, Finland) solid phase fluoroimmunoassay that uses polyclonal anti-testosterone antibodies derived from rabbit. Intra-and inter-assay CVs were 5% and 10%, respectively. The technicians performing the assays were blinded to the exposure or job status of the subjects.
Statistical Analyses
Bivariate analyses were performed to determine which potentially confounding variables were associated at the P < 0.2 level with the exposure as estimated by job category. The variables identified in this way were tested in the multivariate models and were retained if they were significantly associated with the outcome of interest at the P < 0.2 level.
The time-to-pregnancy data were analyzed using a Cox proportional hazards model with time-to-pregnancy modeled as a continuous variable [Baird et al., 1986; Weinberg et al., 1994; Joffe, 1997] and with job category as the exposure variable. Time-to-pregnancy analyses were also performed using solvent exposure indices for the calendar year of and the calendar year preceding the pregnancy as exposure variables. To further identify additional potential confounding variables, crude fecundability ratios were first calculated from Cox proportional hazards models containing only one predictor variable. Variables associated with time-topregnancy at the P < 0.2 level in the crude analyses were also tested in the multivariable analyses and were retained if they were significantly associated with time-to-pregnancy at the P < 0.2 level.
Time-to-pregnancy was calculated in two ways. Some individuals were able to provide an actual number of months it took them and their partner to conceive. Others were only able to approximate TTP as ''less than 3 months,'' ''3-12 months,'' or ''greater than 12 months.'' Therefore, TTP was included in the model either as a composite variable, combining data from these two groups of individuals, or as a variable containing only data from those individuals who were able to give an actual number. For the combined variable, ''less than 3 months'' was coded as 3 months, ''3-12 months'' was coded as 8 months, and ''greater than 12 months'' was censored at 12 months. Exact estimates of TTP were not changed for the combined variable. The results of the analyses using these two exposure variables were essentially the same. Therefore, the combined variable is presented here.
LH and FSH concentrations and the solvent exposure indices were not normally distributed; therefore, log base 10 transformations were used. Analysis of covariance (ANCOVA) was used to compare logs of LH and FSH or untransformed testosterone concentration among the three job title groups. The General Linear Model procedure (multiple linear regression) was used to analyze the associations between log transformed LH and FSH or untransformed testosterone concentrations and the log transformations of the continuous exposure indices.
All statistical analyses were performed using SPSS Version 10.0 (SPSS, Chicago, IL) for the MacIntosh.
RESULTS
Demographic Variables
The demographic and other characteristics of the three exposure groups are shown in Table I . There was a significant difference in age among the three groups, with the painters being younger than the millwrights or carpenters. Millwrights had significantly higher whole blood lead concentrations than painters or carpenters, but the highest lead level was only 8 mg/dl. There was a tendency for fewer painters to have completed high school and for the painters to have fewer years of vocational training and fewer years of college. Table II displays variables related to the pregnancy for which time-to-pregnancy data were gathered for the 75 subjects who were able to estimate time-to-pregnancy, out of the 83 subjects who had ever had a child. The three exposure groups again differed significantly by age at the time of interview, but not in terms of age at the time of the pregnancy of interest. There were also trends towards differences among the groups in terms of use of contraceptives and wife's breastfeeding before the last pregnancy, as well as in whether the couple was actively trying to avoid pregnancy.
Exposure Indices
The calculated exposure indices substantiated that painters had significantly greater exposure to solvents in general, to aromatic solvents, and to thinners, degreasers, varnishes, and adhesives than millwrights and carpenters and that millwrights had intermediate exposures (Table I) . Only 20 of the subjects had any exposure to chlorinated solvents. The millwrights had significantly higher chlorinated solvent exposure indices than either the carpenters or the painters (Table I) . Table III shows the linear regression models for FSH, LH, and testosterone modeled as functions of the four exposure indices (total solvents, chlorinated solvents, aromatic solvents, and thinners, degreasers, adhesives, and varnishes as a category). Bivariate analyses revealed that only age, body mass index, and total number of years of education were associated with at least one of the hormone concentrations at a significance level of 0.2 or lower. Because all of these were associated at a significance level of 0.2 or lower with at least one of the hormone concentrations in the multivariate models, these three covariates were included in the final models. The log of FSH increased significantly with the log of chlorinated solvent exposure and with the log of total solvent exposure, and the increase in the log of FSH with exposure to thinners, degreasers, adhesives, and varnishes as a category approached significance (Table III) . Thus, FSH tended to increase by 1.3-fold for every 10-fold increase in the chlorinated solvent exposure index and by 1.2-fold for every 10-fold increase in total solvents or in thinners, degreasers, varnishes, and adhesives. There was a tendency for LH to decrease with increasing aromatic solvent exposure (Table III) . There were no apparent associations between LH and any of the other solvent exposure indices. Likewise, there were no significant relations between testosterone concentrations and any of the exposure indices (Table III) . Table IV depicts the reproductive hormone concentrations by job category. In the final model, which included age, body mass index, and total years of education, there was no significant effect of job category on LH, FSH, or testosterone concentration. The log of LH concentration decreased significantly with increasing body mass index and increasing total years of education (P ¼ 0.05 and P ¼ 0.04, respectively), and testosterone concentration also significantly decreased with increasing body mass index (P ¼ 0.007). Log FSH also tended to decrease with increasing body mass index (P ¼ 0.52). Both LH and FSH tended to increase with increasing age (P ¼ 0.19, P ¼ 0.09). Table V shows the crude relative risks for pregnancy related to the potential confounding variables for all pregnancies regardless of whether they resulted in a live birth. Only three of the potential confounders were associated with TTP at a significance level of less than 0.2. Older men tended to have a lower probability of pregnancy. Couples who were trying to become pregnant had higher probability of pregnancy than couples who were unconcerned one way or the other, and the latter, in turn, had a higher probability than couples who were trying not to become pregnant. Couples who stopped using oral contraception and then abstained from intercourse or who stopped using oral contraceptives and then used a barrier method of contraception for several months before trying to conceive were more likely to become pregnant than couples who stopped using oral contraceptives and began having uncontracepted intercourse immediately, but this was based on a very small number of pregnancies. Finally, couples whose wives smoked during the pregnancy of interest had a lower probability of pregnancy than wives who did not smoke. In all of the models, the painters and millwrights had a lower probability of pregnancy than the carpenters, but this was not statistically significant (Table VI) . This can be seen in Figure 1 , which depicts the survival curves for the final model that included job, man's age at the time of the pregnancy of interest, wife's smoking status during pregnancy, and whether the couple was trying to become pregnant. In most of the models tested, as shown in Table VI , the relative probability of pregnancy was non-significantly lower in the millwrights than in the painters and lower in the painters than in the carpenters. The difference in fecundability was also not statistically significant when painters and millwrights were combined into a single exposed group for comparison to carpenters. The relative risk of pregnancy for painters plus millwrights compared to carpenters was 0.78 (95% CI ¼ 0.42-1.43). Therefore, painters and millwrights had a 22% lower probability of pregnancy per month of trying than did the carpenters. Restricting the analysis only to pregnancies that ended in a live birth or only to couples who were trying to become pregnant also did not alter the results of the analysis substantially (Table VI, Models 6 and 4). Restricting the analysis only to couples who were not using contraception further reduced the predicted probability of pregnancy in the millwrights and painters relative to the carpenters (Table VI, Model 5). There were too few first pregnancies in the data set (only 13) to restrict the analysis to first pregnancies. Additionally, the model was run using all of the actual values for TTP or censoring them at 12 months, the time at which a couple is medically defined as infertile [Weinberg et al., 1994] . This was done to guard against ''medical intervention bias,'' an association between the exposure of interest and the probability that an infertile couple will seek treatment for infertility [Weinberg et al., 1994] . Again, the results were essentially the same whether the data were censored or not (Table VI , Models 2 and 3).
Effect of Solvent Exposure on Reproductive Hormone Concentrations
Effect of Solvent Exposure on Time-to-Pregnancy
When exposure was modeled using dichotomized exposure indices for the year preceding the pregnancy and the year of the pregnancy, there was no significant association between time-to-pregnancy and any of the solvent exposure indices (Table VI, Models 7-10). Similarly, there was no significant association between any of the continuous exposure indices for the year preceding pregnancy and the year of the pregnancy and time-to-pregnancy (data not shown). All models included age of the man at the pregnancy of interest. All models included wife's smoking during the pregnancy of interest. All models except models 4 and 5 also included a categorical variable indicating whether a couple was trying to conceive, unconcerned, or trying not to conceive. Models 1^6 used current job title as the exposure variable. Models 1, 4, 5, and 6 include only those pregnancies that occurred while the man was working in his current occupation. Models 7^10 used dichotomized exposure variables that indicated whether the man was exposed to solvents during the calendar year of and the calendar year preceding the pregnancy. TTP, time-to-pregnancy, the number of months it took for the couple to conceive. TTP was censored at 12 months for all models except model 3. n indicates the number of pregnancies included in that model.
CONCLUSIONS
This study investigated reproductive hormone concentrations and fecundability in three groups of men with different levels of occupational solvent exposure. FSH increased significantly with increasing exposure to all solvents combined and to chlorinated solvents as a category, in the absence of any statistically significant relationships of exposure with LH or testosterone levels. There were also no significant differences in LH, FSH, or testosterone concentrations among the three occupational groups. Fecundability was not statistically significantly associated with solvent exposure or job category.
In the present study, two of the solvent exposure indices were positively associated with plasma FSH concentration. These exposure indices are semi-quantitative indicators of occupational lifetime exposure. Increased FSH concentrations are often observed in the setting of primary testicular damage, due to reduced negative feedback by inhibin from the Sertoli cells [Klingmüller and Haidl, 1997] . Two halogenated propanes, the nematocide dibromochloropropane and the solvent 2-bromopropane, are examples of primary testicular toxicants that cause oligospermia and azoospermia and elevated FSH concentrations [Whorton et al., 1977; Whorton and Foliart, 1983; Kim et al., 1996] . Thus, the positive associations observed in the present study between solvent exposure and serum FSH may represent a secondary effect due to testicular damage caused by solvent exposure. Unfortunately, testicular damage could not be assessed directly in the present study because semen analyses were not performed.
Abnormalities in reproductive hormone concentrations have been inconsistently associated with occupational solvent exposure in men. Reduced LH, FSH, and testosterone concentrations were associated with recent toluene exposure in the printing industry in two studies [Svensson et al., 1992a,b] . In contrast, chronic toluene exposure was associated with increased FSH and unchanged LH and testosterone concentrations in a third study [Mørck et al., 1988] . The association of recent toluene exposure with reduced LH and FSH levels in these studies suggests that toluene may act by acutely suppressing LH and FSH secretion at the pituitary or hypothalamic level. However, in a controlled exposure study with human volunteers, a 3 hr inhalational exposure to 50 ppm toluene did not appreciably alter LH or FSH mean concentrations or the frequency or amplitude of LH or FSH FIGURE 1. ''Survival'' curve from Cox proportional hazards analysis of the effect of job category on the number of months to pregnancy (censored at12 months) adjusted for man's age at the time of the pregnancy of interest,whether the wife smoked during the pregnancy, and whether or not the couple was trying to conceive (trying, unconcerned, or trying not to). Only pregnancies that occurred while the man was working in his current occupation are included. Older age and trying not to become pregnant were significantly associated with longer times-to-pregnancy (P ¼ 0.002, P ¼ 0.03, respectively); working as a millwright and wife's smoking were non-significantly associated with longer times-to-pregnancy (P ¼ 0.29,P ¼ 0.09, respectively).
peaks in men or in women compared to sham-exposed controls [Luderer et al., 1999] . There was a slight, 5% decline in mean LH concentrations in the toluene-exposed men compared to the sham-exposed men [Luderer et al., 1999] . The present study found a non-significant trend towards decreasing LH concentrations with increasing lifetime exposure to aromatic solvents. In another controlled human exposure study, repeated exposure of male volunteers to the mixed petroleum distillate white spirit for 6 hr a day for 5 days significantly suppressed serum FSH levels compared to controls [Pedersen and Cohr, 1984] , but LH was not measured. White spirit contains appreciable levels of aromatic solvents [Lewander et al., 2002] ; therefore, it is possible that the effects of white spirit on FSH secretion were due to the toluene component. In contrast to the finding in the present study of increased FSH with increasing exposure to chlorinated solvents as a category, increasing years of exposure to the chlorinated solvent trichloroethylene were significantly associated with decreasing serum FSH and testosterone concentrations in two studies of one occupational cohort [Chia et al., 1997; Goh et al., 1998 ].
Fecundability has not previously been studied in painters and millwrights, although fecundability has been studied in other solvent-exposed occupational groups. An association between occupational solvent exposure in a heterogeneous group of men from many occupations and reduced fecundability was found for primigravida wives of solvent-exposed men, but not for multigravida wives [Sallmén et al., 1998 ]. In the present study time-to-pregnancy tended to be longer in the primigravida wives of the painters than the carpenters, but the data set only included 13 first pregnancies (data not shown). A study of printing workers with exposure to toluene failed to find an effect on fecundability in male workers [Plenge-Bönig and Karmaus, 1998 ]. Fecundability was nonsignificantly reduced in men occupationally exposed to styrene in the reinforced plastics industry [Kolstad et al., 2000] . In the present study, time-to-pregnancy was nonsignificantly longer in painters and millwrights than in carpenters.
Other studies have investigated semen quality in men exposed occupationally to various solvents. Painters and other workers exposed to glycol ether solvents had abnormalities in some semen parameters compared to control workers [Welch et al., 1988; Ratcliffe et al., 1989] , and certain glycol ethers are potent testicular toxicants in numerous laboratory animal species [Kalf et al., 1987] . Occupational exposure to styrene was associated with increased abnormal sperm morphology and decreased percentages of dead sperm in a study of male patients at an infertility clinic [Jelnes, 1988] . A more recent study of newly hired styrene workers found significantly reduced sperm concentrations 6 months after the onset of exposure to styrene, but no significant effects on sperm motility, morphology, or viability [Kolstad et al., 1999] . Occupational exposure to aromatic solvents was associated with reduced semen quality in a casecontrol study [Tielemans et al., 1999] and in a cross-sectional study of rubber workers [De Celis et al., 2000] . The latter study found significantly decreased sperm counts, sperm motility, and percent of sperm with normal morphology in the exposed men. Solvent exposure in general was associated with reduced fertility as defined by abnormal semen parameters in a case-control study [Cherry et al., 2001] . Six of eight electronics workers who were exposed to the halogenated solvent, 2-bromopropane, had oligospermia or azoospermia [Kim et al., 1996] . Supporting the findings in humans, reduced sperm concentrations and motility and decreased germ cell numbers by histology were observed following inhalational exposure of male rats to 2-bromopropane [Ichihara et al., 1997; Yu et al., 2001] .
This study has a number of strengths and limitations. A strength of this study is that we examined the effects of solvent exposure on fecundability and reproductive hormone concentrations in two occupational groups that differed in patterns of solvent use, but worked at the same large site and were similar in most other respects, with the exception of age. Information about specific occupations can be useful in beginning to identify solvents or patterns of solvent use that have the greatest effects on reproductive health. Another strength is that the analyses were performed using two different types of exposure variables, classification of exposure by job title alone and semi-quantitative, historical solvent exposure indices. Limitations of this study include the low power to detect effects on fecundability due to the smaller than planned sample size, low participation rate, long time interval between the most recent pregnancy and the study for many of the men, obtaining information on timeto-pregnancy from the male partner only, the absence of exposure measurements, the use of single measurements of hormone concentration for LH and FSH, which have significant minute-to-minute variability, and the lack of semen analyses. Regarding exposure assessment, it would have been difficult to do exposure monitoring in a representative way for a study of this kind because of the heterogeneous patterns of solvent use in the occupations we studied. Therefore, we turned to a retrospective questionnaire method, recognizing that recall of exposures in the distant past may not be accurate. Inaccurate recall of past exposures would likely have resulted in bias towards the null, unless men with fertility problems differentially reported greater or lesser exposures. This sort of differential reporting of exposures due to a known fertility problem seems unlikely because we excluded men with conditions known to be associated with infertility. The reliability of retrospective occupational exposure histories collected from the same men on two occasions 9 years apart was found to be good, with an intra-class correlation coefficient of 87% [Brower and Attfield, 1998 ]. Studies that have compared maternal reports of exposure to chemicals obtained during pregnancy versus those obtained after pregnancy have had conflicting results. Till et al. [2002] found that women reported longer durations of exposure to various chemicals 3-7 years after a pregnancy than they had reported for the same substances during the pregnancy. In contrast, Farrow et al. [1996] found good agreement between women's reports of exposures to 48 substances early in pregnancy and after miscarriage. Surprisingly, they noted a small, but consistent trend towards reporting exposures less frequently after miscarriage than early in pregnancy [Farrow et al., 1996] .
The time-to-pregnancy portion of our study may also be limited by the retrospective collection of pregnancy data, in some cases 20 years or more after the pregnancy, and by the collection of data from the male rather than the female member of the couple. It has been determined that accurate recall of time-to-pregnancy among women can be obtained at the group level a median of 14 years later [Joffe, 1997] . The only study of which we are aware that assessed the quality of time-to-pregnancy data obtained from men found that the time-to-pregnancy data provided by men corresponded closely with previously published distributions and estimates of time-to-pregnancy [Joffe, 1989] . Unfortunately, time-topregnancy data were not obtained from the men's female partners in that study. A measure of the internal consistency of the time-to-pregnancy estimate revealed that serious discrepancies occurred with nearly equal frequency in men and women and that discrepancies were more likely with increasing time since the pregnancy, especially 30 years or more [Joffe, 1989] . A study comparing pregnancy histories reported by husbands and wives found that the sensitivity of reports of live births by men (relative to their wives' reports) was 90.1% and that this did not decline appreciably with time since the birth of greater than 10 years compared to 0-5 years [Fikree et al., 1993] . Complete agreement on the date of birth was observed in 88.5% of live births reported by both husband and wife, and agreement within AE12 months was observed in 98.8% [Fikree et al., 1993] . Another study of elderly women (median age of 75.5) and proxies, found that male proxies, about three quarters of whom were husbands, underreported on number of childbirths in 12% of cases [Robbins et al., 2000] . Thus, the available studies suggest that men may not be as reliable as their partners in providing pregnancy data; however, the studies also suggest that they may not be as unreliable as is often supposed.
The low participation rate in the present study might introduce bias if exposed individuals with reproductive health problems participated at a different rate than participants without such problems. This could bias towards observing an apparent effect of exposure, when in fact there was none. We had no access to information about the individuals who did not respond to the call for participants to assess whether they differed systematically from those who responded.
Regarding the limitations of the reproductive hormone measurements, the study had greater than 80% power to detect differences in LH, FSH, and testosterone of the magnitudes previously observed with toluene exposure in the printing industry [Svensson et al., 1992a,b] even though we only obtained single measurements on these hormones, which are secreted episodically. The power to detect differences in fecundability was lower. Based on power curves generated by Baird et al. [1986] , a sample size of approximately 300 exposed subjects and 300 unexposed subjects would be required for a definitive study to have 80% power at a 0.05 level of significance to detect a fecundability difference of 33%. Future studies of the effects of solvent exposure on male fertility should emphasize large sample size, as well as including semen analyses.
In addition to the effects of solvent exposure on fecundability and reproductive hormone concentrations, we also examined the effects of a number of possible confounding variables. We observed significant effects of age at the time of the pregnancy of interest and of whether or not the couple was trying to become pregnant. Neither of these is surprising. Fertility is well-known to decline with age [Vermeulen, 1993; Kidd et al., 2001] , and time-to-pregnancy has been reported to increase with increasing age of the male partner in several studies [Kidd et al., 2001] . Couples who were trying to become pregnant had shorter times-to-pregnancy. This may have been because they had lower uses of contraception than couples who were not trying to become pregnant (P < 0.001 by Pearson's Chi square). When contraceptive use was included as a variable in the models, the parameter estimates for exposure were changed by less than 10%. Therefore, it was not included in the final models presented in Table VI . To more fully explore the potential effect of contraceptive use, we also restricted the analysis to couples who were not using contraception (Table VI, Model 5). This resulted in lower estimated relative risks of pregnancy (longer TTP) in millwrights and painters relative to carpenters, consistent with a greater prolongation oftime-to-pregnancy due to contraceptive use in the carpenters than in the painters and millwrights.
In the analyses for LH and testosterone, body mass index was a significant covariate; FSH also tended to decrease with increasing body mass index. The association of increasing adiposity with decreasing LH, FSH, and testosterone concentrations has been reported previously in obese men compared to men of normal weight Blank et al., 1994] . Total years of education was a significant covariate for LH only. We are unaware of any published studies demonstrating a negative association between education or socioeconomic status and LH or FSH concentrations. However, low socioeconomic status has been associated with delayed puberty, and a stress-mediated suppression of the hypothalamic GnRH pulse generator has been postulated as a mechanism [Vermeulen, 1993] . LH and FSH increased nonsignificantly with increasing age. This increase in gonadotropin secretion with age has also been previously described [Deslypere and Vermeulen, 1984] .
In conclusion, plasma FSH concentrations increased significantly with increasing exposure indices for total solvents and chlorinated solvents. Increased FSH levels in the absence of changes in LH or testosterone levels are consistent with direct testicular damage to the Sertoli cells. We also observed non-significantly lower fecundability (longer time-to-pregnancy) in solvent-exposed painters and millwrights compared to unexposed carpenters. More conclusive results will require studies of fertility in larger groups of solvent-exposed men.
